Abstract Double-stranded pBS plasmid DNA was irradiated with gamma rays at doses ranging from 1 to 12 kGy and electron beams from 1 to 10 kGy. Fragment-size distributions were determined by direct visualization, using atomic force microscopy with nanometerresolution operating in non-tapping mode, combined with an improved methodology. The fragment distributions from irradiation with gamma rays revealed discrete-like patterns at all doses, suggesting that these patterns are modulated by the base pair composition of the plasmid. Irradiation with electron beams, at very high dose rates, generated continuous distributions of highly shattered DNA fragments, similar to results at much lower dose rates found in the literature. Altogether, these results indicate that AFM could supplement traditional methods for high-resolution measurements of radiation damage to DNA, while providing new and relevant information.
All this allows for assessment of fragment spatial distributions with length resolution around 10-15 nm (30-45 bp, approximately).
Materials and methods

DNA samples -preparation and irradiation
Double-stranded pBS plasmid DNA was used, prepared at a concentration of 1000 ng/ml in TE buffer. This plasmid is approximately 2900 bp (∼940 nm) long (assuming 3.4 nm per 10.5 bp for B-type DNA [25] ), with a width of 1.9 nm. For irradiation and AFM imaging, the naked DNA plasmid was diluted at 5 ng/ml in 10 mM Hepes and then divided into aliquots in 0.5-ml plastic microcentrifuge tubes, each containing 100 ml of the DNA solution. No additional free-radical scavenger was added to the Hepes buffer. The extraction and purification of DNA were done using the "Invisorb Plasmid Kit", according to the manufacturer's specifications. Linearization was performed with the enzyme HindIII, also following the manufacturer's specifications. Finally, in order to prevent rejoining, the linearized DNA was dephosphorylated with the aid of the enzyme Calf Intestine Alkaline Phosphatase (CIAP). All samples were exposed to air during their handling.
DNA samples were irradiated with electron beams and gamma rays at doses ranging from 1 to 10 kGy and from 1 to 12 kGy, respectively. All irradiations were performed at the facilities of the Institute for Energy and Nuclear Research in São Paulo (IPEN).
Electron beams were delivered by a linear electron accelerator (Dynamitron, model JJOB 188, RDI Radiation Dynamics, Inc.) operating with an energy of 1.174 MeV and average beam intensity of 0.5 mA. The samples were accommodated in a conveyor belt loop, exposing the samples to electron beams at intervals of 3 min (conveyor belt lap time). Each exposure imparting a dose of 0.5 kGy lasted only 0.223 s, which corresponds to an instantaneous dose rate of 8 × 10 3 kGy/h, approximately. The average dose rate was 10 kGy/h. Irradiation with gamma rays was performed at the Gamma-Cell CTR-IPEN (locally designed and constructed) operated by the Product Overlapping Source system. This facility provides 1.25 MeV gammas from Co-60 at a dose rate of 2.4 kGy/h. Each irradiation was assisted by a control sample.
DNA imaging with AFM -distributions of fragment length
Several modes of operation can be used, depending on the type of surface (material) and even microscope type. The microscopes used in this study are the AutoProbe CP (ThermoMicroscopes) and the Agilent-5500. For DNA imaging, the AFM was operated in air and non-tapping mode. Conical silicon tips were used with typical curvature radius of 10 nm and aspect ratio of 3:1, mounted on cantilevers with resonance frequency around 80 kHz and spring constant in the range of 1.8 to 3.2 N/m. Sample preparation for AFM imaging consisted of the deposition of 1 ml of aqueous DNA solution on an atomically flat mica surface, followed by a gentle rinse using a few drops of distilled water. 1 mM MgCl 2 was deposited on the mica substrate to assure the adhesion of DNA molecules. Before placing the DNA sample on the mica foil, MgCl 2 excess was removed by washing with distilled water. The DNA sample on the mica was then dried in a gentle flow of nitrogen gas for 5 min and DNA fragment-length measurements were performed with the Agilent-5500 software, allowing segmented measurements of a curved fragment. The length of each segment was measured and accumulated to yield the length of the entire curved fragment. The resolution of the AFM in these measurements (usually quite low) was estimated from the finer structure of size distributions since, as shown in Section 3, these distributions exhibit normal Gaussian-like statistic characteristics.
The distribution of fragment lengths is based on assigning the measured length of each fragment to the closest 50-nm-wide bin in the range of 0 to 1,000 nm. For example, the bin designated by its upper end of 150 nm has all fragments between 101 and 150 nm and has a centroid equal to 125 nm. The fragment-length data were plotted as a function of the bin-range upper end of the length designation. There are roughly 150 bp in a 50-nm bin width.
Results shown in Figs. 3, 4 and 5, corresponding to different doses, are average values obtained from multiple measurements (several AFM images). Firstly, data from each image were normalized to the total number of fragments in the specific image. Next, all these normalized results from several images, and referring to a specific dose, were averaged out-this final result was used to draw the histograms. Figure 1a shows an AFM image of the non-irradiated pBS plasmid DNA, allowing for verification of the plasmid lengths as well as their concentration in the image. Figure 1b shows the concentration (number of fragments) of plasmids as a function of length in the AFM image (Fig. 1a) . Seven different control samples with different AFM settings and substrate surface areas were measured, and the result shown in Fig. 1b is the average of all these data. Our results show that size distributions in Fig. 1b do not change when control samples are submitted to conditions such as transport for irradiation and handling.
Results
Seven samples of pBS DNA plasmid, all of them with the same concentration of 5 ng/ml, were irradiated with gamma rays at the same conditions with doses between 1 and 12 kGy. The AFM scanning of each sample produced about 30 images all over its extension, which considerably reduced systematic errors. Some of these 30 images per sample are shown in Fig. 2 for illustration purposes. Thus, they correspond to a small fraction of the entire scanned sample. Actually, the assessed number of plasmid fragments in each sample ranged from several hundreds to over a thousand. It should also be pointed out that plasmids irradiated at high doses are severely shattered into quite small fragments (see Fig. 3d -f). However, there must be limits to the sizes as, for instance, a fragment minimum length. Checking of reproducibility was performed by measuring samples twice at doses of 5,000 and 8,000 Gy on different days (interval of about 30 days). Distributions obtained at each gamma dose are shown in Fig. 3 . As explained in Section 2, the distributions of fragment lengths were obtained by grouping the measured lengths into bins of 50-nm intervals. Therefore, all histograms were constructed as 50 nm wide. For example, the first histogram (labeled 50 nm) houses fragment lengths between 25 nm and 75 nm. However, a typical finer structure underlying all the 50-nm-wide histograms is shown in Fig. 4 by means of 10-nm-wide histograms, where the peak centered at 550 nm is constituted by fragments lengths ranging from 545 to 550 nm and from 550 Fig. 4 Amplification of the region around 550 nm in Fig. 3b , with the fragment-length distribution at intervals down to 10-nm to 555 nm. This most prominent peak at 550 nm was fitted by a Lorentzian curve, similar to a Gaussian except for having more pronounced tails, which is a more frequent occurrence in experimental distributions. The full width at half maximum (FWHM) of this curve is smaller than 20 nm, which is quite compatible with the scanning bin of 10 nm. This data analysis demonstrates that the upper limit of the achieved resolution is 10 nm (FWHM / 2).
A marked qualitative and quantitative difference of all fragment distributions as function of doses is clearly observed. Quite surprisingly, the distributions show a discrete pattern indicating that the strand breaking probability is not the same all along the plasmid length (more details below).
The results for DNA irradiated with electron beams are shown in Fig. 5 . Two columns are displayed in this figure, one with the AFM images and another showing the concentration (number of fragments) of plasmids as function of their length. The distributions obtained are quite distinct at each of the doses ranging from 1 to 10 kGy.
Discussion
Fragmentation patterns obtained with electrons
The results obtained by irradiation with electrons ( Fig. 5) are qualitatively similar to those of Pang and collaborators [23] . It is noted in our results that the number of small-size DNA fragments increases continuously and exponentially with doses greater than 3 kGy. One could be led to conjecture that very high electron dose rates could lead to finer shattering of the plasmid strands, as suggested by the results at 10 kGy where the strands were all shattered down to 50 nm sizes (Fig. 5) . However, this is not the case.
The average electron dose rate in this study was 167 Gy/min (10 kGy/h), and the instantaneous dose rate 8 × 10 3 kGy/h, while in all the experiments conducted by Pang et al. with electrons, it was 48 Gy/min (or, 2.9 kGy/h), quite close to the 2.4 kGy/h of the Co-60 gamma source (see Section 2) . Despite the great differences in the dose rate regimes from the linear accelerators of these two laboratories, the results are highly comparable, particularly when referring to the fragmentation ability of electrons (see e.g., Fig. 3b in Ref. [23] ). Therefore, the plasmid fragmentation patterns observed with electron beams are nearly unaffected by different dose rates, all exhibiting an exponential-like behavior. We note in this regard that (a) if the number of fragments N(L) decreases to N(L) -dN, when their lengths increase from L to L + dL, and (b) if such a variation dN is stochastic and equally probable at all intervals dL, the relative probability distribution of fragment sizes, p(L), is a constant. Specifically,
where λ is a function only of the dose, regardless of the mechanisms underlying the DNA breakage. The solution of (1) is
This solution is well known and quite obvious, but a more profound insight is provided by (1)-it is a stochasticity condition. Thus, exponential-like decaying functions, as most of the fragment size distributions obtained with electrons in this study and elsewhere [20] [21] [22] [23] , are signatures of stochastic phenomena where all the observed events are equally probable per unit of the independent variable.
Fragmentation patterns obtained with gamma rays
From our results of gamma irradiation of the pBS plasmid DNA (Fig. 3) , the following aspects are noted:
1. Distributions with discrete-like pattern at all doses in the wide 1 kGy-12 kGy range, using a 50-nm-wide scanning bin. 2. The distribution structures remain nearly in the same positions for all doses, except at the extremes of the dose range (1 kGy and 12 kGy- Fig. 3 ), but their heights (the number of fragments) gradually increase toward smaller sizes as doses are augmented.
These two aspects of our results clearly indicate that the strand-breaking probability is not the same all along the pBS plasmid length. Unlike electrons, a fragment-size distribution generated by gamma rays is by no means stochastic. Thus, a possible and more likely conclusion is that the pBS plasmid strands are constituted by regions more favorable to breakdown when hit by gamma rays.
Correlation between fragment distribution and plasmid base pair structure-an educated guess
The DNA sequence of the pBS plasmid, in terms of its AT/TA base pair composition, was quantitatively analyzed. The sequence of this plasmid is well known, and available from many Internet links [26] -it is a map of 2,900 base pairs. We merely performed a counting of AT/TA and GC/CG base pairs, sampling all the groups having more than 20 AT or TA per 100 nm strand interval. Results are shown in Fig. 6 along with our experimental data obtained at 7,000 Gy. The horizontal scale indicates the strand position of the base pairs, corresponding at the same time to the measured fragment lengths. The remarkable overlapping of these two sets of data is quite evident. Although a definitive explanation for this finding requires further study, the two sets of results shown in Fig. 6 suggest the existence of a correlation between the pattern of fragment sizes and the pBS plasmid base pair composition. Interestingly too, such a modulation is damped in irradiations with electrons.
In fact, the most surprising difference between the results obtained with electrons and gamma rays refers to the fragment-size distribution patterns. On one hand, the discussion presented above indicates that dose rates play no role in this regard. The comparison shown in Fig. 6 , on the other hand, suggests that the distribution pattern observed with gamma irradiation is dictated by the base pair composition of strands. Why the same did not occur with electron irradiation remains unanswered, but some possibilities are discussed in Section 4.3 below. However, a possible explanation for the fact that breaks are more likely to occur at the AT-rich portions of the strands is discussed below. 
Stiffness of GC-rich regions
Actually, GC-rich regions are stiffer. DNA molecules that contain a greater proportion of GC pairs require higher temperatures to denature because the three hydrogen bonds in GC pairs make them more stable than AT pairs with two hydrogen bonds [27] . Relevant implications of higher conductivity in GC-rich DNA could be its key role in a plethora of essential properties such as, energy dissipation, molecular signaling, and eventually, DNA integrity preservation. An intriguing possibility is that guanine-rich regions of DNA serve as "cathodic" protectors. In fact, since guanine has the smallest oxidation potential compared to the other bases, long-range charge transfer of holes to short guanine-rich protuberances at the termini of chromosomes could protect DNA from oxidative stress [28] .
The irradiation issue
The precise mechanism by which radiation causes breaks in DNA strands is not completely established. The prevailing view is that this DNA damage is predominantly caused by the breaking of chemical bonds (and subsequent formation of free radicals) by direct impact of high-energy particles of the incident radiation on water molecules of the medium, but this has been challenged by recent evidence showing that DNA damage can also be caused by low-energy (below about 20 eV) secondary electrons that are generated by the incident radiation. The implications of this are potentially significant as secondary electrons represent the most abundant species formed along a radiation track in condensed matter (roughly 5 × 10 4 secondary electrons are produced per 1 MeV primary energy deposited) [29] [30] [31] .
Electrons are charged particles which, therefore, deposit most of their energies in the molecules of the medium (water, in general) producing a great number of secondary electrons. Thus, copious fluxes of secondary electrons equally and intensively "illuminate" the whole DNA length, and all sites would have the same breaking probability per unit length fragment. Gamma rays, on the other hand, are electromagnetic waves. As a zeroelectric-charge radiation, the stopping power of gamma rays in water is smaller than electrons and, as a consequence, the production of secondary electrons is considerably reduced.
In fact, spectra of secondary electrons play an important role in the induction of DNA breakage. Although photons are always considered as low LET radiation, experiments have demonstrated that not all photons have the same RBE for double-strand break. For instance, the effective LET of the secondary electrons cascade tends to increase as the energy of the primary photon decreases. In the same vein, it has been suggested that X-ray beams are biologically more effective than gamma rays from 137 Cs or 60 Co (see e.g., Fig. 2 in [32] ).
Conclusions
1. pBS plasmid DNA fragment-size distributions, following 1.25 MeV gamma irradiation, were measured with AFM resolutions better than 10 nm. These distributions exhibited a discrete-like pattern at all doses, indicating that breakage probabilities by gamma rays are not the same all along the strands. 2. This discrete-like pattern is a modulation of finer and continuous-length distributions of fragments at the AT-rich regions (as in Fig. 4 ), similar to a randomly broken stick. 3. pBS plasmid fragmentation patterns observed with electron beams are nearly unaffected by quite different dose rates. Their fragment size distributions are exponential-like decaying functions as in stochastic phenomena. 4. The similarity between the distributions of AT/TA base pairs and the discrete fragment size lengths obtained with gamma rays is intriguing (Fig. 6 ), suggesting that gamma radiation shattering of the DNA strands is modulated by the base pair composition.
